episodes, and receiving a kidney from a deceased donor. 6 Compared to ASB, UTI may progress to sepsis, acute cellular rejection, impaired allograft function, allograft loss, and death, and are thus commonly treated with antibiotics depending on the susceptibility of the causative organism. [7] [8] [9] [10] While bacteria are the most common cause of UTI, fungal and mycobacterial infections can also occur. [11] [12] [13] The most common bacterial causes of UTI are Escherichia coli, Klebsiella pneumoniae, Enterococcus sp., Enterobacter, Pseudomonas aeruginosa, and Proteus mirabilis. 13, 14 With the increasing worldwide prevalence of multidrug resistant (MDR) bacteria, such as extendedspectrum beta-lactamase (ESBL)-producing bacteria, UTI caused by these bacteria are increasingly challenging to treat. 15, 16 Likewise, studies have reported that anywhere from 4% to 72% (Table 1) of patients who develop one UTI will go on to develop recurrent UTI.
The management of patients with recurrent UTI is challenging as the patients are repeatedly exposed to antibiotics, which can predispose them to infection by resistant organisms. In this review, we will summarize the current understanding of the epidemiology, treatment, prevention, and goals for future research for UTI in renal transplant recipients.
| CLINICAL DEFINITIONS
Bacteria present in the urine with no local or systemic symptoms is defined as ASB (Table 2) . A UTI, on the other hand, is defined as the presence of bacteriuria with signs and symptoms of infection, which range from mild irritative voiding to bacteremia or sepsis. UTI can affect the upper or lower urinary tract, and a UTI that leads to symptomatic infection of the bladder or kidney is referred to as cystitis and pyelonephritis, respectively. 13 In renal transplant patients, infection of the transplanted kidney is referred to as allograft pyelonephritis (AGPN). 17 Further distinctions within UTI can also be made. A UTI that occurs in the setting of a normal genitourinary tract with no prior instrumentation and/or only mild urinary symptoms is considered "uncomplicated," whereas infections that are diagnosed in genitourinary tracts with structural or functional abnormalities, such as indwelling urethral catheters, and/or is accompanied by more systemic symptoms is referred to as "complicated." 18 A recurrent UTI is defined as ≥3 UTI episodes within 1 year or ≥2 UTI episodes in a 6-month period.
| PATHOGENESIS
The pathogenesis of UTI typically involves a uropathogenic bacteria ascending to the bladder via the urethra. To accomplish this, bacteria often utilize adhesive molecules, such as P fimbriae in E. coli, that help them adhere to the uroepithelium. 19 Once in the bladder, bacteria can multiply and cause irritation to the bladder itself causing cystitis, or travel up the ureter and cause inflammation and AGPN.
Recurrent UTI can occur as either independent inoculations of the urinary tract or persistent infection of a foreign body (ie, stone, stent or drain) or organ or tissue (ie, prostatitis, pyelonephritis, or abscess). However, this model does not satisfactorily explain many 
| EPIDEMIOLOGY
The prevalence of UTI in renal transplant patients tends to vary considerably between studies and locations, and has been reported to be as low as 7% or as high as 80% (see Table 1 ). 22, 23 Although differences in the definition of UTI, follow-up periods, geographical location, and prophylactic antimicrobial therapeutic regimen could all contribute to the variability in incidence of UTI between studies, UTI is quite common and affects many renal transplant recipients at some point in their lives. Although UTI can occur anytime following transplantation, they are most common during the first post-transplant year.
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Despite the frequency of bacteriuria, only about a third of patients who develop a UTI will experience recurrent UTI. In patients with bacteriuria, one study of 101 participants found that ASB, uncomplicated UTI, complicated UTI, and recurrent UTI occurred in 44, 32, 23, and 14%, respectively. 25 
| RISK FACTORS
The risk of UTI in renal transplant patients includes factors that relate to the host, renal allograft, anatomical features of the recipient, and post-transplant hospital interventions. One common risk factor for UTI is the use of stents and catheters during and following the transplant procedure. 26 In renal transplantation surgery, a shortened transplanted ureter is implanted into the recipient's bladder directly and many surgeons choose to insert a stent to minimize the risk of major urological complications (eg, urine leak, obstruction) that can occur in the immediate post-transplant period. When surgeons choose not to use a stent, these patients can sometimes develop ureteric obstruction, which is also a risk factor for UTI. 27 While some studies found no difference in the rate in patients with and without stents, the majority of studies have documented stents as being associated with higher rates of UTI. [28] [29] [30] Stents are generally left in place for 4-6 weeks and are then removed. Early post-operative UTI are thought to be largely preventable and caused most frequently by contamination of a catheter at the time of insertion. 31 The reason why stents and catheters increase the risk of UTI is thought to be because they can serve as reservoirs for bacteria. Stopping antibiotics without removal of the stent may predispose for UTI recurrence as well. 6 Because of the UTI risk associated with stents and catheters, some clinicians choose to use perioperative antibiotic prophylaxis in order to reduce UTI risk in stented patients, and there is evidence that using TMP-SMX prophylaxis (discussed later) equalizes the risk of UTI in stented vs nonstented patients. 32, 33 The potential risk of UTI in stented patients has also led some groups to reserve stents only for select patients, such as those with existing damage or abnormalities in their native ureter, in order to decrease the likelihood of post-surgical complications. 34 Another anatomical consideration that predisposes renal transplant patients to a higher risk of infection, especially pyelonephritis, is the absence of a sphincter between the transplanted ureter and the native bladder, which increases the risk of vesicoureteral reflux or the retrograde passage of urine and potentially bacteria from the bladder into the upper urinary tract. 27, 35 In addition to physical risk factors, the immunosuppressive drugs renal transplant patients must take to prevent graft rejection contribute varying degrees of risk for infection, including UTI. 13, 36 Adding thymoglobulin to a conventional immunosuppressive regimen, 37 combination therapy with micro-emulsion form of cyclosporine A, prednisolone and azathioprine, 38 
| IMPACT OF UTI ON PATIENT OUTCOMES
When renal transplant patients contract a UTI, the feared outcome is impaired allograft function, graft loss, and a higher risk of mortality, but the significance of the link between UTI and these outcomes is not perfectly clear. Table 3 summarizes some key research addressing the association among UTI, mortality, and graft loss. A few heavily cited studies published in the early 2000s found that UTI was associated with an increase in mortality and increased the risk of allograft loss. 7, 8 In support of these findings, a more recent study of Medicare-insured renal transplant recipients between 2000 and 2011 found that UTI within the first year post-transplant was associated with a 41% increase in mortality risk and a 29% increase in risk of graft loss. 11 Other analyses of the long-term impact of UTI have found more nuanced relationships, such as one study that found significantly detrimental outcomes for graft survival only when a UTI was contracted within the first 3 months post-transplant 46 or that AGPN is associated with a decline in renal graft function as measured by creatinine clearance or GFR 12,43,47,48 but does not necessarily affect allograft loss. 49 Along with studies investigating the survival and function of the transplanted kidney, studies have found that UTI can cause other negative health outcomes, such as increasing the length of stay in the hospital post-transplant and the risk of reoperation. 12 Evidence also suggests that UTI within the first 3 months post-transplant that go untreated can increase risk of acute cellular rejection. 9 In the literature, there are also studies that argue UTI has no impact on graft function or survival. 50 In a study of 122 patients the authors found that long-term renal graft function, as measured by serum creatinine, was no different 5 years post-transplant between patients who had experienced zero, one, or multiple episodes of UTI. 51 Table 4 summarizes literature addressing the association between UTI and renal function.
In addition to mortality and graft function, UTI also increase the risk of other complications. One complication is bacteremia secondary to bacteria migrating from the urinary tract into the blood stream. 9, 53 Risk factors for bacteremia after UTI include immunosuppression with tacrolimus and a baseline serum creatinine level >1.3 mg/dL before first UTI. 54 Upper UTI could also potentially progress to a rare condition called emphysematous AGPN. 55 Emphysematous AGPN is a life-threatening complication that can lead to graft loss and is characterized by necrotizing infection of the renal parenchyma and perirenal tissue, which results in the presence of gas within the renal parenchyma, collecting system, or perinephric tissue. 56 Although there is debate as to what extent UTI can influence morbidity and mortality in renal transplant patients, most studies have demonstrated an impact on patient and graft outcomes.
| MICROBIOLOGY
The most common bacterial species that cause UTI in renal transplant patients are E. coli, Enteroccocus sp., and Klebsiella sp. 57 While E. coli is a common cause of UTI in both renal transplant recipients and non-recipient patients, Klebsiella tends to colonize renal transplant patients more frequently. 58 The relative prevalence of one bacterial species vs another tends to change depending on the time of UTI post-transplant. 59 For example, one center found that Enterococcus was the most common cause of UTI in patients in their first month post-transplant, while E. coli was the most common in patients during their second month post-transplant. While bacteria are the predominant cause of UTI, a smaller percentage of cases can be caused by fungal organisms such as Candida spp. and clinicians must be aware of this possibility.
| PREVENTION AND PROPHYLAXIS
UTI is the primary driver of antibiotic administration to renal transplant patients. In an effort to reduce UTI, antibiotic prophylaxis during the perioperative period is widely accepted as the standard of care. However, there remains to be a consensus within the transplant community regarding the ideal preventive strategy. Based on several clinical trials in the 1980s and 90s, the current mainstay of UTI prophylaxis is trimethoprim-sulfamethoxazole (TMP-SMX), which is also used for 6-12 months after transplantation for the prevention of Pneumocystis jirovecii pneumonia (PCP). [60] [61] [62] [63] Patients who receive PCP prophylaxis with TMP-SMZ are less likely to develop UTI compared to those who receive other prophylaxis, such as pentamidine or oral dapsone, 57 and TMP-SMX has also been shown to reduce the occurrence of bacteriuria and sepsis with bacteremia. 17, 64 The prophylactic effect of TMP-SMZ is most pronounced during the first year after transplantation but is attenuated over time, becoming less significant by the second year after transplantation. 57 Some studies have also shown that using ciprofloxacin in addition to TMP-SMX further reduces the incidence of UTI by 12%-20% compared to TMP-SMX alone. 65, 66 Ciprofloxacin used as prophylaxis at the time of urinary catheter removal has also been shown to reduce the incidence of UTI by 40%. 67 shown to be useful as prophylaxis in one older study, and is the preferred prophylactic by some clinicians for patients who do not tolerate TMP-SMX. 64 There is, however, limited information regarding cephalexin compared to TMP-SMX. In the study using cephalexin as UTI prophylaxis in kidney transplant patients, the authors gave cephalexin 250 mg 1/day to 35 patients, and saw that at the end of 4 months 1/35 patients developed bacteriuria. 70 Clinicians should take care, however, as the use of cephalosporins in prophylaxis undoubtedly increases bacterial resistance to other third-generation cephalosporins. 71 In addition to post-surgical prophylaxis, some clinicians also choose to use perioperative prophylaxis at the time of renal transplant. Although there is no consensus on the use of perioperative prophylaxis in the transplant population, some studies with small sample sizes in renal transplant patients suggest that perioperative ceftriaxone can effectively prevent UTI and surgical site infections. 72, 73 Meta-analysis of ceftriaxone prophylaxis in the general patient population has also supported its efficacy in preventing UTI, although resistance is still always a concern. 74 Beyond prophylaxis with TMP-SMX there is little consensus about the appropriate UTI prophylactic strategy. When deciding on prophylactic therapy for patients unable to take TMP-SMX, clinicians must ultimately depend on the patient's current and past microbiology data and on local resistance patterns at the transplant center.
Besides pharmacological therapy, risk modification is also an important step in preventing UTI. A recent study provides strong evidence that early removal of stents can reduce risk of UTI. In the study, the authors randomly assigned 103 renal transplant recipients to either have early ureteral stent removal at 1 week or routine ureteral stent removal at 4 weeks, and then patients were followed for 3 months for UTI-related complications. 26 The study found that the early stent removal group has a significantly smaller incidence of UTI (5.8% in the early stent removal group compared with 29% in the routine stent removal group). The justification for leaving stents in place longer is often to reduce ureteral mechanical complications; however, in the study the authors did not note any mechanical complications in either group, which suggests that stent placement for 1 week may be optimal in preventing both mechanical complications as well as minimizing UTI risk. In addition to early stent removal, other risk-modifying behaviors that have been studied include avoiding azathioprine, sirolimus, or MMF-based immunosuppression, and avoiding the use of thymoglobulin for induction therapy.
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The major concern with using antibiotics prophylactically is that it will contribute to a rise in bacterial resistance. 17, 71 TMP-SMX administration has been shown to increase the percentage of bacteria-isolated resistant to amoxicillin and TMP-SMX. 17 Given the risk of resistance, some have advocated for reduced use of antibiotics with a focus in selected high-risk patients. 76 Ultimately an analysis of the local incidence of UTI is key to determining what level of prophylaxis should be used and is setting specific.
| DIAGNOSIS OF URINARY TRACT INFECTIONS
Patients with cystitis will typically have symptoms that include dysuria, In addition to laboratory testing, clinicians can also use imaging with renal ultrasound or non-contrast CT scan to assess for complications such as obstruction and abscess, and this is especially helpful to assess patients who do not fully respond to initial therapy or those with signs of severe infection. 5 
| ASYMPTOMATIC BACTERIURIA
Asymptomatic bacteriuria is a common event after renal transplantation, with rates up to 51%. Historically bacteriuria was considered a risk factor for progression to UTI and pyelonephritis which could then lead to graft dysfunction and early failure. 80 As a result of these concerns, many clinicians treat patients with ASB with unclear or incorrect knowledge about the impact of this treatment on patient outcomes. 81 While there is some evidence that suggests ASB can have a negative impact on renal transplant patients, more contemporary data suggest that ASB is not equivalent to UTI and should not be treated.
Older studies that show negative outcomes of ASB include one study that suggested ASB is an independent risk factor for bacteremia.
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A few other studies argue that recurrent ASB increases the risk of AGPN and organ rejection, but does not impair long-term graft function. 52, 80 However, a recent landmark clinical trial by Origuen et al.
has provided strong evidence that clinicians should not treat ASB. In the study, the authors randomized 112 patients into two groups, one that would receive systematic antimicrobial therapy for all episodes of ASB occurring between 2 and 24 months after transplantation, and a control group that received no therapy. Both groups received similar systematic screening for ASB. Strikingly, the authors found that their primary outcome, the occurrence of acute pyelonephritis at 24 months follow-up, was no different between groups. What's more, the authors also found no difference in rates of lower UTI, acute rejection, Clostridium difficile infection, colonization or infection by multidrug-resistant bacteria, graft function, or all-cause mortality between groups. 82 Although the study by Origuen et al. was not the first to come to their conclusion, they improved upon a previous study by following patients in the critical early post-operative period. 83 In addition to the study by Origuen et al., two other retrospective studies have similarly found no benefit to treating ASB, with one study finding that treatment even increased the risk of symptomatic UTI and the total number of hospitalization days at 6 months post-ASB. 84, 85 Although the best randomized control trial thus far Thus, given the available information, clinicians should adopt a more conservative approach in the management of ASB with observation without antibiotics in most cases. 85, 89 With regards to much less prevalent fungal pathogens, while more serious and symptomatic fungal UTI increases the risk of graft loss and requires treatment, there has not been sufficient evidence to support the treatment of asymptomatic candiduria in the renal transplant population. There tends to be no differences in outcomes between patients that are treated for asymptomatic candiduria and those who are not.
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| TREATMENT OF URINARY TRACT INFECTIONS
Patients with symptoms of a UTI or pyelonephritis and a positive urinalysis (urine dipstick with leukocyte esterase, nitrite, and blood, and urine microscopy showing pyuria) and a positive urine culture (≥10 Table 2 ). Factors to take into account when determin- Faced with increasing antibiotic resistance to commonly used UTI antibiotics like ciprofloxacin, 93 antibiotic treatments for UTI caused by ESBL-producing bacteria include piperacillin-tazobactam and imipenem. 94 Carbapenems are still the preferred drug of choice for infections owing to ESBL-producing bacteria as they are generally resistant to ESBL-mediated hydrolysis. 95 Carbapenems and fosfomycin are also While many drugs can be utilized for UTI, some do not concentrate well in various components of the urinary tract to be safely used in select settings. Moxifloxacin does not penetrate well into the urine and therefore is not recommended for treatment of UTI or pyelonephritis. 102, 103 Two other drugs, nitrofurantoin and fosfomycin, should not be used in patients with reduced GFR. Nitrofurantoin is not recommended for patients with creatinine clearances <20 mL/min, as they excrete little or no drug in the urine. 104 Fosfomycin is generally restricted for patients with a creatinine clearance above 45 mL/min. 105 These agents are generally not utilized in cases of pyelonephritis owing to limited parenchymal concentration.
| MANAGEMENT STRATEGIES FOR SUBJECTS WITH RECURRENT UTI
Patients with recurrent UTI are both a concern and a challenge for clinicians. Frequent UTI may be associated with worse outcomes. post-menopausal women with previous recurrent UTI. 109 The study noted that while there is a preventative effect, once antibiotics are suspended, UTI recur in patients to the same level as those of the placebo group. In terms of drawbacks, as with all antibiotic therapy, side effects can be cumbersome for patients, and long-term antibiotic use will only lead to greater bacterial resistance.
In addition to suppressive antibiotics, clinicians can also use suppressive therapy with antimicrobial agents like methenamine hippurate, which has been demonstrated to reduce the frequency of UTI in non-transplant patients. Methenamine was first introduced as a urinary antiseptic in 1899, 110 and it is an organic compound that, when taken orally, travels to the bladder where it decomposes in the acidic environment to form formaldehyde and ammonia. Formaldehyde inactivates microorganisms by non-specifically alkylating the amino and sulfhydryl groups of proteins and ring nitrogen atoms of purine bases.
Owing to this mechanism, bacteria may be less capable of developing resistance to methenamine and it thus offers an appealing alternative to conventional targeted antibiotics. A recent meta-analysis concluded that methenamine hippurate may be effective in preventing UTI in patients without renal tract abnormalities, particularly when used for short-term prophylaxis. Although the authors mention that methenamine does not appear to be effective for long-term prophylaxis in studies with patients who have neuropathic bladder, 111 wellcontrolled randomized controlled trials are still necessary to clarify whether longer-term methenamine prophylaxis in useful in preventing recurrent UTI in renal transplant patients.
Considering non-antimicrobial therapy, one study showed that cranberry juice and L-methionine successfully reduce the incidence of and symptoms of recurrent UTI in renal transplant patients. 112 A metaanalysis in non-transplant women also has provided evidence that cranberry juice can prevent recurrent UTI in this group. 113 Cranberry juice has been known as a folk remedy to prevent UTI and has been shown to reduce the adherence of E. coli to uroepithelial cells by preventing adhesion of the bacterial P fimbriae to the uroepithelium. 114 Lmethionine acidifies the urine and is thought to also decrease bacterial adherence to uroepithelial cells. There is limited risk with these two interventions and many clinicians utilize these in patients with recurrent therapy as an adjunct to more active therapies.
Other treatment strategies to reduce UTI have been investigated in non-transplant patients, but may offer some insight into future strategies for renal transplant recipients. A meta-analysis of postmenopausal women concluded that based on two studies comparing vaginal estrogens to placebo, vaginal estrogens reduced the number of UTI. 115 Combination of hyaluronic acid (HA) and chondroitin sulfate, which is thought to help promote a healthy mucopolysaccharide film coating on the urothelium, has also been used to reduce the incidence of recurrent cystitis in post-menopausal women. 116, 117 In liver transplant patients, evidence suggests that the use of probiotics reduces the incidence of bacterial infections including UTI after transplantation. 118 Finally, one study found that a low vaginal pH produced by vaginal Lactobacillus colonization may drop recurrences of UTI in nontransplant women. 119 While these treatments may be useful for nontransplant patients, further study is needed to investigate whether the results apply to the renal transplant population.
Looking into the future, some emerging strategies to prevent UTI in non-transplant patients, which could potentially be important for transplant recipients, include compounds aimed at preventing urothelial bacterial adhesion. With greater knowledge of the intracellular assembly process of bacterial pili, researchers are currently developing molecules termed pilicides to block this process and prevent bacteria adhering to urothelial cells and creating subsequent reservoirs. 120 Although these molecules have yet to be tested in animal models, 20 other molecules that block bacterial adhesins, called mannosides, are also in development, and have also been shown to be effective at preventing UTI in murine models. 121 Other potential therapies include the development of bacterial vaccines, which have targeted a variety of bacterial proteins including adhesins, virulence factors, and iron receptors. 122 Although great strides have been made in developing new strategies to treat UTI, the greatest concern is the impact these strategies will have on the endogenous microbiome. Systemic administration of mannosides, pilicides, and antibacterial vaccines have the potential to target beneficial bacterial communities within the body. 123 The effectiveness of these strategies is thus still unclear and trials are currently underway.
| BACTERIAL RESISTANCE
The rise in bacterial resistance worldwide is one of the most significant challenges that the field of transplant medicine currently faces.
More detailed reviews of mechanisms and management of multidrugresistant bacteria can be found elsewhere. 124 ESBL-producing gram-negative bacteria and CRE, including carbapenem-resistant K. pneumoniae, are increasingly causes of UTI in renal transplant recipients. 125, 126 A recent meta-analysis of the literature found that the incidence of UTI caused by ESBL-producing Enterobacteriaceae in renal transplant patients is 10%. 44 Fortunately, outcomes for UTI caused by these resistant bacteria are generally excellent, although their management is far more complicated. 101 Oral therapy that remain active against many of these resistant bacteria includes nitrofurantoin, fosfomycin, and minocycline, while IV options include carbapenems for ESBL organisms and amikacin and colistin for CRE.
Of the multidrug-resistant bacterial causes of UTI, ESBL bacteria are more common than CRE infections, and patients generally clear infections successfully when treated with a carbapenem. 127 Case studies have shown that some CRE strains can have successful therapeutic clearance when being treated with colistin, doxycycline, or high-dose meropenem, though. 101, 128 However, one of the most recent and concerning evolutions of CRE organisms are bacteria containing the New Delhi Metallo-beta-lactamase-1 (NDM-1). Several case studies patients with UTI caused by NDM-1 have been reported in the literature, some with successful treatment outcomes and others with failure leading to graftectomy. 129, 130 Risk factors for ESBL UTI include diabetes mellitus, previous antibiotic prophylaxis or therapy, previous UTI, recurrent infection, and patients with delayed graft function after transplant. 16, 125 Risk factors for CRE UTI have not been studied well, but certainly include use of carbapenem antibiotics. 98 Pyelonephritis caused by carbapenem-resistant K. pneumoniae are also associated with greater odds of failure to clear bacteria 72 hours after treatment, occur earlier after transplantation than those owing to susceptible K. pneumoniae, and are associated with a urinary catheter at diagnosis, a 24-hour stay in the ICU either before or after development of the UTI, and a longer length of stay in the hospital prior to the UTI. 
